Dryland salinity is a major problem affecting food production from agricultural land in Australia and throughout the world. Although there is much interest in using saline groundwater to grow marine fish on salt-affected farmland, the disposal of nutrient enriched, saline aquaculture effluent is a major environmental problem. We investigated the potential of the salt-tolerant NyPa Forage plant (Distichlis spicata L. Greene var. yensen-4a) to trap nutrients from saline aquaculture effluent and subsequently to provide a fodder crop for livestock. Sub-surface flow wetlands containing NyPa Forage were constructed and their efficacy in removing total nitrogen, ammonia, nitrite/nitrate, total phosphorus and orthophosphate was monitored under different levels of nutrients and salinity. The wetlands removed 60 -90% of total nitrogen loads and at least 85% of ammonia, nitrite/nitrate, total phosphorus and orthophosphate loads, with greater efficiency at high nutrient and low salinity levels. The above-ground yield, sodium, crude protein (CP) and in vitro dry matter digestibility (DMD) of NyPa Forage plants were measured after fertilisation with different nutrient levels and cropping at different frequencies. Yield of plants increased with increased nutrient, while nutritive value was greater when nutrients were applied but did not differ among nutrient levels. Yield was not affected by cropping frequency, but nutritive value was greatest when plants were cropped at intervals of 21 or 42 days. At optimum nutrient addition and cropping levels, the plants had a mean CP content of 16.7 % and an in vitro DMD of 67.6 %, equivalent to an energy value of 9.5 MJ kg -1 . Assuming an equivalent fibre content and voluntary food intake as grass hay, and no accumulation of other toxic minerals, these nutritive values would be sufficient for maintenance or moderate liveweight gains in dry adult sheep or cattle.
The potential of a salt-tolerant plant (Distichlis spicata cv. NyPa Forage) to treat effluent from inland saline aquaculture and provide livestock feed on salt-affected farmland 
Introduction
Secondary salinisation, in which human activities lead to high concentrations of ions (principally sodium and chloride) in the landscape, is a major environmental problem affecting freshwater and soil in many arid and semi-arid areas of the world (Ghassemi et al., 1995; Rozema and Flowers, 2008) . Secondary salinisation occurs because of rising water tables, as a result of irrigation (irrigation salinity) or land clearing (dryland salinity). It is a particular problem in economically less-developed countries (e.g. India, Tunisia, Morocco, Peru and Bolivia) although more-developed regions, such as Australia, may also be badly affected (Rozema and Flowers, 2008) . In Australia, the widespread clearing of native vegetation has resulted in approximately 5.7 M ha of agricultural land being adversely affected by dryland salinity, and this figure may grow to 17 M ha by 2050 (National Land and Water Resources Audit, 2001) .
The salinisation of agricultural land in arid regions is largely irreversible because freshwater is not available to leach accumulated salts from the soil. As a result, there is increasing interest in the development of productive uses for salt-affected agricultural land (Rozema and Flowers, 2008; Bennett et al., 2009) . Much research has concentrated on the development of salttolerant crop and pasture plants for human consumption or livestock production (Glenn et al., 1991; Rogers et al. 2005; Al-Shorepy et al., 2010; Norman et al., 2012; Pearlstein et al., 2012) . Another productive option for salt-affected agricultural land is to use saline groundwater for aquaculture (Barson and Barrett-Lennard 1995; Forsberg et al., 1996; Doupé et al., 2003) . Inland saline aquaculture not only provides a potentially productive use for land that can no longer support standard agricultural enterprises, but may also be used to defray the cost of surface and subsurface water management Partridge et al., 2008) . Aquaculture is the world's fastest growing food production system and is expected to continue to increase in importance as returns from wild capture fisheries decline (FAO, 2009) . The global expansion of aquaculture, however, has often been associated with a variety of negative environmental impacts (Beveridge et al., 1997; Bosma and Verdegem, 2011) and an important consideration in the development of inland saline aquaculture is to prevent any further degradation of land and water resources. Partridge et al. (2008) reviewed technical constraints on inland saline aquaculture in Australia and identified pond production, using groundwater from established public or private interception schemes, as the most promising option for future development. A small number of farmers in the southern wheatbelt of Western Australia have, for the last 10 years, been producing and selling small quantities (< 50 t/annum) of rainbow trout (Oncorhynchus mykiss) from ponds fed with saline groundwater. Production methods vary from static pond to flow-through systems, with regular feeding of commercial trout pellets Lever et al., 2004) . Uneaten food and fish excretion produce nutrient-enriched effluent and the off-farm disposal of this effluent into natural waterways or back to the water table is regarded by resource managers as the most important environmental impact from inland saline aquaculture in Western Australia (Starcevich et al., 2003) .
Sub-surface flow wetlands offer a potentially simple and low cost technology for the treatment of nutrient-rich aquaculture effluent, because they exploit the ecological interactions between the components of wetland ecosystems (plants, sediments, and microbial flora and fauna) to trap and store nutrients from wastewater (Lin et al., 2002; Schultz et al., 2003; Lymbery et al., 2006; Vymazal, 2007; Zachritz et al., 2008) . Applying a wetland treatment system to effluent from inland saline aquaculture in Australia, however, poses some unique problems. First, the periodic discharge from current production systems of relatively low volumes of water which is both nutrient-enriched and saline restricts the range of plants which can be used. Lymbery et al. (2006) investigated the ability of a subsurface-flow wetland, incorporating the estuarine sedge Juncus krausii, to filter nutrients from inland saline aquaculture effluent. The wetland removed up to 69% of total nitrogen and 89% of total phosphorus, but both growth of the plants and efficiency of nutrient removal were limited by increasing levels of salinity. Second, the large areal loading rates required for efficient nutrient removal by subsurface-flow wetlands (Crites, 1994) may not be economically feasible in an agricultural setting, unless the wetland plants have some productive use. In this context, whole-farm bio-economic analyses have shown that the establishment of saltland pastures can significantly increase farm profitability (O'Connell and Young, 2002) and there has been much recent interest in salt-tolerant fodder plants (Rogers et al. 2005; Masters et al., 2007; Rozema and Flowers 2008) . Therefore, a wetland treatment system that could both remove nutrients from aquaculture effluent and provide a suitable fodder crop for livestock holds much promise for the development of an integrated agri-aquaculture system on salt-affected agricultural land.
In this study, we investigated the potential of NyPa Forage, a cultivated strain of perennial seagrass Distichlis spicata, to fulfil these dual functions. Distichlis spicata is a C 4 halophyte which grows in naturally saline areas throughout the Pacific rim. NyPa Forage is a male clone of D. spicata which has been developed as a livestock fodder plant (Yensen et al. 1985) . There is, however, very little information available about either the yield or nutritive value of NyPa Forage, and no information on the ability of the plant to trap nutrients from effluent. There were three parts to the current study: first, we measured the nitrogen and phosphorus load in effluent from a number of inland saline aquaculture farms in Western Australia; second, we determined the efficacy of constructed wetlands incorporating NyPa Forage in removing nitrogen and phosphorus from simulated aquaculture effluent; and finally, we determined the in vitro nutritive value of NyPa Forage after irrigation with effluent.
Materials and methods

Field measurements of nutrients in aquaculture effluent
Water samples were taken from four inland saline aquaculture farms in the south west of Western Australia. These farms were all utilising saline groundwater for semi-intensive pond production of rainbow trout (Onchorhynchus mykiss), as described by Lever et al. (2004) . Water obtained from salinised streams or pumped directly from the ground into production ponds was discharged periodically into existing waterways. Production was seasonal, with relatively small numbers of trout being stocked in autumn and harvested in late spring. In all cases trout production was a sideline to the main farm operations.
At each farm, four separate water samples were taken at inflow and outflow, over a twenty four hour period, once during autumn (after stocking) and once during spring (before harvest). On location, each water sample was measured for temperature, pH and conductivity, using a handheld YSI 30 (YSI Inc, Yellow Springs, OH). Conductivity measurements were converted to mg L -1 total dissolved solids. Sub-samples of water were then frozen immediately for analysis of total nitrogen (TN) and total phosphorus (TP), or filtered and frozen for analysis of ammonia (NH 3 ), nitrite/nitrate (NO 2 /NO 3 ), and orthophosphate (OP) by the Marine and Freshwater Research Laboratory (MAFRL) at Murdoch University, using standard methods adapted from the American Public Health Association (APHA, 2005) . Water quality measurements are reported as means, standard deviations and ranges over all 32 samples (4 farms x 2 sampling dates x 4 times). To calculate total loads of nitrogen and phosphorus in effluent, mean outflow concentrations for each farm were multiplied by mean outflow rate over the production cycle and divided by the weight of fish harvested.
Removal of nutrients in experimental wetlands
Experiments were conducted in 20, 1.3 m × 0.55 m × 0.45 m elevated wetland cells designed for a horizontal flow (0.05% slope, see Schulz et al., 2003) . To each cell we added 0.12 m 3 of washed quartz sand (1 mm particle size), with a 0.15 × 0.15 m infiltration area comprising basalt gravel (15 mm particle size) and a discharge/collection point of outflow (Fig. 1) . In 16 randomly selected cells, we planted four rooted shoots of NyPa Forage (Distichlis spicata var. yensen-4a) at equal spacings and these were established over a 42 day period using distilled water. The remaining four cells had no plants.
We investigated the effects of different salinity and nutrient levels on the efficacy of the wetland cells to treat aquaculture effluent. Two salinity levels and two nutrient levels were used in a randomised factorial design to create four treatment combinations: high salinity high nutrients (HSHN), low salinity high nutrients (LSHN), high salinity low nutrients (HSLN) and low salinity low nutrients (LSLN). The salinity levels (high 15,000 mg L -1 ; low 3,000 mg L -1 ) and nutrient levels (high: 5000 µg L -1 N: 1000 µg L -1 P; low 1000 µg L -1 N: 200 g L -1 P) were chosen to represent the extremes found in field measurements of effluent from inland saline aquaculture farms (see Results). Different salinity levels were created using synthetic sea salt (Flossy Salt TM , W.A. Salt Supplies, Fremantle, Western Australia) added to distilled water, as the ionic composition of saline groundwater in Western Australia is typically similar to seawater, except for deficient concentrations of potassium (Partridge et al. 2008) . Different nutrient levels were made from a water soluble commercial fertilizer (Polyfeed TM , Micros Bros, Perth Western Australia), added to distilled water. This fertiliser has a similar total nitrogen and phosphorus composition to effluent from trout farms in Western Australia, although these nutrients are present only in inorganic form. Treatment solutions were made periodically throughout the experiment. Prior to use, all treatment solutions were measured for salinity, TN and TP, as described above, and, if necessary, adjusted to within 500 mg L -1 salinity, 200 µg L -1 TN and 20 µg L -1 TP of the target values. Nitrogen and phosphorus components were also measured periodically (N = 24) in the treatment solutions. Over the course of the experiment, the mean concentrations of these components in the high nutrient solutions were 455.6 µg L -2 day -1 ) was considered appropriate, because most inland saline aquaculture operations in Western Australia operate an essentially closed system, with intermittent, partial water exchange throughout the production cycle (Starcevich et al., 2003; Lymbery et al., 2006) . Plants were gradually acclimated to the different salinity and nutrient levels for a further 42 day preexperimental phase, prior to a test period of 231 days. Before commencement of the test period, plants in all cells were trimmed to a height of 55 mm.
During the test period, we measured the effects of salinity and nutrient levels on the removal of TN, NH 3 , NO 2 /NO 3 , TP and OP by the wetland cells. To measure removal efficiency, we sampled inflow and outflow waters from each cell at days 10, 38, 66, 94, 164, 192 and 231 of the test period. Samples at each time period were analysed for TN and TP concentrations, and samples at the final period (231 days) were analysed for TN, NH 3 , NO 2 /NO 3 , TP and OP concentrations, using standard methods as described above. Concentrations were converted to loads and the amount removed expressed as a percentage of the input load, referred to as removal efficiency. Removal efficiency values were normalised using an arcsine transformation. At the end of the test period, all plants were removed from the wetland cells, divided into shoots (all above-ground material) and roots (all below-ground material), washed, then oven-dried at 80˚C for 36 hours and measured for dry weight.
To test the effects of nutrient and salinity level on nutrient removal, the removal efficiencies of TN, NH 3 , NO 2 /NO 3 , TP and OP after 231 days, were compared among the four treatments (HSHN, LSHN, HSLN and LSLN) applied to the 16 planted cells using two-factor analyses of variance (ANOVAs). Since measurements of each parameter in each wetland cell at different times were not independent, the effect of time on removal efficiencies of TN and TP was tested using repeated measures ANOVAs, with treatment regarded as the between-subject (i.e. wetland cell) effect and time (10, 38, 66, 94, 164, 192 and 231 days) as the within-subject effect. Dry weight of shoots and roots after 231 days were compared among treatments by twofactor ANOVAs.
To test the effect of plants on nutrient removal, the removal efficiencies of TN, NH 3 , NO 2 /NO 3 , TP and OP after 231 days, were compared between the planted and unplanted cells which received the HSHN treatment using single factor ANOVAs. The effect of time on the removal efficiency of TN and TP was tested using repeated measures ANOVAs, with plants or no plants regarded as the between-subject effect and time (10, 38, 66, 94, 164, 192 and 231 days) as the within-subject effect.
Assessment of yield and in vitro nutritive value
Two separate experiments were undertaken. In each experiment, twenty wetland cells, all planted with NyPa Forage, were prepared as described above. The aim of the first experiment was to compare growth and nutritive value of NyPa Forage plants grown at different nutrient levels, and a constant salinity of 15,000 mg L -1 . Five nutrient levels were used: (1) 0 µg L -1 N: 0 µg L -1 P; (2) 2,500 µg L -1 N: 500 µg L -1 P; (3) 5000 µg L -1 N: 1000 µg L -1 P; (4) 7,500 µg L -1 N: 1,500 µg L -1 P; (5) 10,000 µg L -1 N: 2000 µg L -1 P. Salinity and nutrient levels were made using synthetic sea salt and commercial fertiliser added to distilled water, and tested as described above. For the 0 treatment, no fertiliser was added to the water and levels of TN and TP were always below detectable limits (<50 µg TN L -1 and <5 µg TP L -1 ). Four replicate cells were allocated randomly to each treatment and watered with 12.0 L of solution, at a rate of 0.2 L s -1 , twice weekly. Plants were gradually acclimated to the different nutrient levels for a 42 day pre-experimental phase, before a test period of 90 days, after which all above ground plant material was harvested from each cell and measured for wet weight, dry weight, sodium, crude protein (CP), dry matter digestibility (DMD) and total ash. Sodium concentrations were measured using ICP-AES analysis at MAFRL. Crude protein and DMD levels were measured at the Feed Evaluation Laboratory, Western Australian Department of Agriculture; CP by the Kjeldahl digestion method and DMD using a pepsin cellulase digestion, based on Klein and Baker (1993) . As the NyPa Forage plant material had 94.4% organic matter, comparable to other pasture plants, and ash components were in the normal range (9-12%) for pasture plants, metabolisable energy (ME) was calculated from DMD as ME = 0.17 (%DMD) -2.0 (AFRC 1993). Differences in dry weight and arcsine-transformed CP and DMD values among treatments were compared by one-way ANOVA's, with post hoc comparison of means using the Tukey-Kramer HSD test.
The aim of the second experiment was to compare growth and in vitro nutritive value of NyPa Forage plants at different cropping levels. All wetland cells were watered twice weekly with 12.0 L of nutrient solution (10,000 µg L -1 N: 2,000 µg L -1 P; salinity of 15,000 mg L -1 ), made and tested as described above. Four cropping levels were applied: (1) no cropping; (2) growing shoots cropped every 21 days; (2) growing shoots cropped every 42 days; (3) growing shoots cropped every 63 days. Five replicate cells were allocated randomly to each treatment. Plants were gradually acclimated to the nutrient solution for a 42 day pre-experimental phase, before a test period of 126 days. At each cropping time and at the end of the experiment (126 days), harvested plant material from each cell was measured for wet weight, dry weight, sodium, CP and DMD as for experiment 1. Differences in dry weight and arcsine-transformed CP and DMD values among treatments were compared by one-way ANOVA's, with post hoc comparison of means using the Tukey-Kramer HSD test.
Assessment of in vivo DMD and voluntary feed intake
Recent studies have shown that standard laboratory (in vitro) techniques for measuring DMD often overestimate in vivo DMD of salt-tolerant plants (Masters et al., 2007; Norman et al., 2010) . To determine whether this was the case for NyPa Forage, 100 kg of unfertilised, ungrazed plant material was obtained from a farm in Wickepin, Western Australia, air dried and stored for 6 months. A subsample of the dried material was taken for determination of acid detergent fibre (ADF), using an Ankom 200/220 fibre analyser (Ankom® Tech. Co., Fairport, NY, USA) and in vitro DMD, using the pepsin cellulase digestion method described previously. The remaining dried material was used to determine in vivo DMD on eight, 14 month old Merino wethers (47 ±3.0 kg) offered 0.8 kg of DM day -1 , following the methods of Norman et al. (2010) . The research complied with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (Australian Government National Health and Medical Research Council, 2004) , following approval by the CSIRO Centre for Environment and Life Sciences and Murdoch University Animal Ethics Committees. Table 1 shows the ranges and means of water quality parameters in outflow water from the four different aquaculture farms that were sampled. Based on estimates of mean annual nutrient concentrations in outflow water, and mean annual harvest weight and outflow rate from each farm, the TN load produced over a full trout production cycle ranged from 0.022 to 0.285 kg day -1 tonne -1 (mean 0.15; SD 0.11 kg day -1 tonne -1 ) and the TP load from 0.001 to 0.030 kg day -1 tonne -1 (mean 0.002; SD 0.002 kg day -1 tonne -1 ). Table 2 shows the leaching fraction (outflow as a percentage of inflow), outflow concentrations and loads of total nitrogen (TN), ammonia (NH 3 ), nitrite/ nitrate (NO 2 + NO 3 ), total phosphorus (TP) and orthophosphate (OP) in outflow water and the corresponding removal efficiencies from inflow water for all treatments at the completion of the experimental period (day 231). Concentrations of all nutrient components were substantially lower in outflow water compared to inflow water. Outflow concentrations were similar in the two high nutrient and the two low nutrient treatment solutions, except for unexpectedly low concentrations of NO 2 + NO 3 in the LSLN treatment and NH 3 in the LSHN treatment (Table 2) . OP concentration was also less than expected in both low salinity treatments.
Results
Nutrient levels in aquaculture effluent
Removal of nutrients by planted wetlands
Two factor ANOVAs showed that by the completion of the trial the removal efficiencies of all nitrogen and phosphorus components were significantly affected by nutrient level (for TN, F 1,12 = 43.9, P < 0.0001; for NH 3 , F 1,12 = 287.4, P < 0.0001; for NO 2 + NO 3 , F 1,12 = 7.3, P = 0.02; for TP, F 1,12 = 7.2, P = 0.02; for OP, F 1,12 = 14.8, P = 0.002), while the removal efficiencies of all components except TN were significantly affected by salinity (for TN, F 1,12 = 0.3, P = 0.61; for NH 3 , F 1,12 = 11.8, P < 0.005; for NO 2 + NO 3 , F 1,12 = 8.4, P = 0.01; for TP, F 1,12 = 9.3, P = 0.01; for OP, F 1,12 = 40.8, P < 0.0001). More nitrogen and phosphorus components were removed at higher nutrient levels and lower salinity levels and there were no significant interactions between nutrient and salinity levels on the removal efficiency of any parameter. Removal efficiencies of TN and TP increased over time in all treatments (Fig. 2) . Repeated measures ANOVA confirmed that removal efficiencies were significantly affected by both treatment (for TN, F 3,12 = 16.0, P = 0.0002; for TP, F 3,12 = 14.05, P = 0.0003) and time (for TN, F 6,72 = 71.8, P < 0.0001; for TP, F 6,72 = 116.1, P < 0.0001), with a significant interaction between treatment and time (for TN, F 6,72 = 6.1, P = 0.002; for TP, F 6,72 = 8.8, P < 0.0001).
NyPa Forage plants developed an extensive root mass and in all treatments the shoot:root ratio was less than 1 (Fig. 3) . The mean dry weights of plant shoots and roots were greatest in the LSHN treatment and least in the HSLN treatment (Fig. 3) . Nutrient level had a significant effect on dry weight of both shoots (F 1,12 = 22.6, P = 0.0005) and roots (F 1,12 = 22.6, P = 0.0005), while salinity significantly affected the dry weight of roots (F 1,12 = 4.6, P = 0.05), but not shoots (F 1,12 = 2.0, P = 0.18). There were no significant interactions between nutrient and salinity levels on either shoot or root weights.
3.3
The role of plants in nutrient removal Table 3 shows the outflow volumes, concentrations and loads of TN, NH 3 , NO 2 + NO 3 , TP and OP in outflow water, and the corresponding removal efficiencies from inflow water for wetlands with and without plants at the completion of the experimental period (day 231). Plants had a significantly positive effect on the removal efficiencies of all nitrogen and phosphorus components except NH 3 (for TN, F 1,6 = 366.0, P < 0.0001; for NH 3 , F 1,6 = 3.8, P = 0.1; for NO 2 + NO 3 , F 1,6 = 108.1, P < 0.0001; for TP, F 1,6 = 158.6, P < 0.0001; for OP, F 1,6 = 1411.0, P < 0.0001). Removal efficiencies of TN and TP increased over time in planted, but not in unplanted wetlands, with a steep decline in unplanted wetlands over the last 50 days of the experiment (Fig.  4) . Repeated measures ANOVA confirmed that removal efficiencies were significantly affected by both presence of plants (for TN, F 1,6 = 321.4, P < 0.0001; for TP, F 1,6 = 60.1, P = 0.0002) and time (for TN, F 6,36 = 51.7, P < 0.0001; for TP, F 6,36 = 34.3, P < 0.0001), with a significant interaction between treatment and time (for TN, F 6,36 = 78.0, P < 0.0001; for TP F 6,36 = 24.0, P < 0.0001).
3.4
In vivo DMD and voluntary feed intake Of the eight sheep offered dried, unfertilised and ungrazed NyPa Forage obtained from the farm, only five ate sufficient for six days of digestibility measurement. Mean individual intakes from the five animals ranged from 0.44 to 0.73 kg DM day -1 (group mean of 0.57 kg DM day -1 ). Mean in vivo DMD of the biomass was 48.6 ± 1.6% (equivalent to 6.3 MJ kg -1 DM). The NyPa Forage had 5.6 % ash, indicating that it had not accumulated high soluble salts. The sample contained 34.7% ADF and 3.8 % CP (both on a DM basis). The prediction of DMD using the pepsin-cellulase laboratory method slightly underestimated in vivo DMD (in vitro DMD was 43.2 % and in vivo DMD was 48.6%).
Yield and in vitro nutritive value of NyPa Forage at different nutrient levels
There was a positive relationship between nutrient level and dry weight of plant material harvested, with a significant overall effect (F 4,15 = 93.1, P < 0.0001), and significant differences among all treatment levels (Figure 5a ). Crude protein was significantly greater when the NyPa Forage was fertilised (7.5%) than with no fertilisation (5.4%; F 4,15 = 20.0, P < 0.0001), but did not differ significantly among nutrient treatments (Figure 5b ). Similarly, in vitro DMD was significantly greater when the NyPa Forage was fertilised (54.7%) than with no fertilisation (51.6%; F 4,15 = 5.9, P = 0.004), but did not differ significantly among nutrient treatments ( Figure  5c ). The mean sodium content of plant material was 8.2 ± 0.5 mg/g and did not differ significantly among treatments.
Yield and in vitro nutritive value of NyPa Forage at different cropping levels
Cropping rate did not significantly affect the total amount of dry matter harvested per cell after 126 days, with a mean over all treatments of 88.8 ± 4.0 g ( Fig. 6a; F 3 ,16 = 1.12, P = 0.37). Crude protein differed significantly among cropping treatments (F 3,16 = 96.9, P < 0.0001), being greatest at 21 and 42 days, significantly lower at 63 days and least with no cropping until 126 days (Fig. 6b) . Similarly, DMD differed significantly among cropping treatments (F 3,16 = 68.9, P < 0.0001), and was again greatest at 21 and 42 days, significantly lower at 63 days and least with no cropping until 126 days (Fig. 6c) . The mean sodium content of plant material was 8.1 ± 0.4 mg g -1 and did not differ significantly among treatments.
Discussion
Potential environmental effects of effluent from inland saline aquaculture
Untreated effluent from land-based aquaculture farms may leach into groundwater or be disposed of in natural waterways Miranda et al., 2008) . The amount of nutrients released in effluent from trout farms in inland Western Australia were substantially less than those reported from flow-through aquaculture farms in other parts of the world, such as Europe, where total nitrogen loads may reach 0.47 kg day -1 tonne -1 and total phosphorus loads 0.16 kg day -1 tonne -1 (e.g. Foy and Rosell, 1991; Rennert, 1994) . The much smaller loads found in this study are a reflection of the semi-intensive, pond style of production in inland Western Australia, with low fish stocking densities, low feed inputs and limited water outflow. Nevertheless, this release of nutrients may have adverse environmental impacts and the extent to which this occurs will depend on both the quantity and composition of nutrients released and the assimilative capacity of the receiving waterway. The freshwater ecosystems of south western Australia are naturally nutrient-poor (Pen, 1999) , and are therefore particularly susceptible to nutrient loading from anthropogenic activities.
Studies in Europe and North America have found that trout farm effluent reduces the diversity of macroinvertebrate and fish communities in local rivers (Pillay, 1992; Loch et al., 1996; Selong and Helfrich, 1998) . These effects are due partly to the toxicity of substances such as ammonia and nitrite, but mostly to the promotion of eutrophication (Sindilariu, 2007; Simōes et al., 2008) . Eutrophication of freshwater ecosystems is increasingly being recognised as a major environmental problem in Australia (Davis and Koop, 2006) . In Western Australia, as in other Australian states and many other countries throughout the world, government regulations to reduce the environmental impact of land-based aquaculture set limits on the concentrations of nutrients in released effluent and require proponents to implement a monitoring regime (Bergheim and Brinker, 2003; Boyd, 2003; Productivity Commission, 2004) . The concentrations of nitrogen and phosphorus components in the effluent released from the farms in this study were often greater than environmental trigger values for south western Australia (ANZECC, 2000) , and further industry development, with greater stocking densities and increased feeding levels, will likely see them increase to a point which requires treatment prior to off-farm release.
The role of constructed wetlands in treatment of effluent from inland saline aquaculture
Aquaculture effluent contains nutrients in both particulate and dissolved forms (Sindilariu, 2007) . Technologies for treating aquaculture effluent have been mainly based on the mechanical separation of solids to purify drained water using static and rotating screens, or in the case of flow through systems, effluent sedimentation in tanks or ponds (Van Rijn, 1996) . Mechanical methods, however, are not effective in removing dissolved nutrients such as ammonia, urea, and soluble phosphorus. Constructed wetlands are gaining increased attention as an alternative to traditional mechanical treatment of nutrients in aquaculture wastewater, because of their lower costs, reduced maintenance requirements and capacity to capture dissolved nutrients (e.g. van Rijn, 1996; Brix, 1999) .
The current study found that subsurface-flow wetlands may provide an effective method for removing nutrients from the effluent generated by inland saline aquaculture, by capturing up to 89% of total nitrogen and up to 95% of ammonia, nitrite/nitrate, total phosphorus and orthophosphate. Nutrient removal efficiencies were reduced under low nutrient and high salinity conditions, but even under the worst experimental treatments, approximately 60% of total nitrogen and ammonia, and 85% or more of the other nutrient components were removed. These nutrient removal capabilities are similar to those reported in other studies of wetland treatment of aquaculture effluent (e.g. Cripps and Bergheim, 2000; Lin et al., 2002; Schultz et al,. 2003; Lymbery et al., 2006; Sindilariu et al., 2007 Sindilariu et al., , 2009 Zachritz et al., 2008; Webb et al., 2012) , and they compare favourably with mechanical filters that typically remove 10 -43% of total nitrogen and 49 -63% of total phosphorus (Mäkinen et al., 1988; Lekang et al., 2000) .
The results from our study indicated that plants were a necessary component of wetland ecosystems for the removal of nitrogen and phosphorus. The role of plants in constructed wetlands is not fully understood. Although some studies have found no difference in nutrient removal rates between planted and unplanted wetlands, most have reported improved treatment efficiency from planted wetlands (Vymazal, 2011) . This may occur because of the uptake of nitrogen and phosphorus through the roots and assimilation into plant biomass, and also the enhancement of nutrient-removal processes operating in the root zone of the soil. Root systems provide increased surface area and oxygen for the establishment and growth of aerobic nitrifying bacteria, which in turn enhances the biological conversion of ammonia to nitrate in the root rhizobia and the eventual removal of nitrogen through denitrification or plant uptake and assimilation (Koottatep and Polprasert, 1997; Schulz et al., 2003; Vymazal, 2007) . In our study, plants significantly improved the removal efficiency of all nitrogen components except ammonia. This suggests that even without plants the wetland cells were operating aerobically, and the enhanced removal of nitrogen was occurring principally through direct uptake. Although direct uptake of nitrogen is usually thought to be relatively unimportant in constructed wetlands (Koottatep and Polprasert, 1997; Vymazal, 2007) , Webb et al. (2012) suggested that it may be much greater when using plants that have evolved to sequester nitrogen in nutrient-limited environments. Phosphorus removal in the soil appears to occur mainly through sediment adsorption and precipitation Comeau et al., 2001; Vymazal, 2007) ; although the conditions favouring these processes are less well understood, they may also be enhanced by the plant root system, for example by preventing a lowering of the redox potential of the soil (Schulz et al., 2003) . The dense root mass of NyPa forage plants, a characteristic feature of Distichlis spicata (Sargeant et al., 2008; Al-Shorepy et al., 2010) , may have contributed to the greater removal efficiencies found in the current study than in the study by Lymbery et al. (2006) , which used a similar experimental system, but planted with the estuarine sedge Juncus kraussi. In the current study, the discrepancy in nutrient removal efficiencies between planted and unplanted wetlands was particularly marked towards the end of the experiment, which may indicate saturation of removal processes in the soil and an increasing role for the developing root systems of the plants. Lymbery et al. (2006) found that the efficacy of nutrient removal from aquaculture effluent in subsurface-flow wetlands planted with Juncus kraussi was limited by increasing salinities. This may have been due to an adverse effect of salinity on the growth of J. kraussi, as plant biomass was significantly reduced at higher salinities. In the current study, increasing salinity had an adverse effect on the root mass, but not the aboveground shoot mass of NyPa Forage, and, while the efficiency of removal of all nutrient components except total nitrogen was reduced at higher salinities, this reduction was much less pronounced than found by Lymbery et al. (2006) with the J. kraussi wetlands. At a salinity level of 15,000 mg L -1 , the NyPa Forage wetlands removed up to 87.7% of total nitrogen, 96% of nitrite/nitrate, 91.5% of ammonia, and 91.2% of total phosphorus and orthophosphate. This maintenance of removal efficiencies at higher salinities was not unexpected because Distichlis spicata is a halophyte; previous studies have shown that NyPa Forage, a cultivar of Distichlis spicata, produces maximum yield at moderate salinities (approximately 11,000 mg L -1 ), with survival in hypersaline conditions (up to 44,000 mg L -1 ) (Leake et al., 2002) . It is likely, therefore, that NyPa Forage wetlands would be suitable for treating aquaculture effluent at even higher salinities than those tested here. Other studies have identified a number of halophytes within the Amaranthaceae family that have good nutrient removal capabilities in salinities of up to 35,000 mg L -1 Webb et al., 2012) .
While the results from our study show that wetlands planted with NyPa Forage have good potential as a treatment system for effluent from inland saline aquaculture, considerable work is required before commercial application. We used a fertiliser solution, which contained nutrients only in inorganic form, to simulate aquaculture effluent. Aquaculture effluent is more complex, with different ratios of organic and organic nutrients (e.g. see Jackson et al., 2003; Webb et al., 2012) and Webb et al. (2012) found that halophyte wetlands had different removal efficiencies for dissolved inorganic nitrogen and dissolved organic nitrogen. In addition, nutrient removal efficiencies in constructed wetlands are principally influenced by nutrient inflow concentration, hydraulic load (which is inversely related to hydraulic residence time) and the accumulation of solids, which lead to wetland clogging (Rousseau et al., 2008; Zachritz et al., 2008; Sindilariu et al., 2009) . Design criteria to optimise hydraulic residence time and minimise clogging will require long-term studies in more realistic on-farm or pilot-scale wetlands irrigated with aquaculture effluent. Nevertheless, the peculiar nature of inland saline aquaculture operations in Western Australia, with intermittent release of relatively low volumes of nutrient-enriched, saline effluent, suggest that the experimental wetland cells we used in this study may provide a good guide to on-farm performance.
Potential of irrigated NyPa Forage as a livestock feed
The suitability of NyPa Forage, when irrigated with aquaculture effluent, as livestock feed depends on yield, nutritive value and voluntary feed intake . The yield of NyPa Forage was not affected by cropping rate, but showed a direct linear response to nutrient level in the effluent with which it was watered. Estimated yield on a per hectare basis ranged from 1.5 kg DM ha -1 day -1 (with no nutrient fertilisation) to 31.4 kg DM ha -1 day -1 (with fertilisation at a level of 10,000 µg L -1 N: 2000 µg L -1 P) in the laboratory trials. Assuming a four month growing season, this equates to a total yield over late summer/autumn of up to 3.8 t DM ha -1 , which is only about half the expected yield from well managed improved clover pasture , but the feed is available at a time of the year when green feed, energy and protein is limited in Mediterranean-type climates. Furthermore, the linear relationship seen between yield and nutrient levels in our laboratory experiments suggests that there is still much scope for further improvements in yield with increasing nutrient loading.
The current study suggests that, without fertilization and intensive cropping, NyPa Forage has only low DMD and would not maintain liveweight of non-reproducing, mature sheep or cattle. As a rather general rule of thumb, liveweight maintenance of a 50 kg wether requires feed with a CP content of 8% and an energy value of more than 7.4 mJ kg -1 (equivalent to a DMD of 55%) (AFRC 1993; Freer et al. 1997) . NyPa Forage, when grown in washed river sand with no nutrient fertilisation and no cropping, had a mean CP content of 5.4 ± 0.1 %, an in vitro DMD of 51.6 ± 0.1 % and an energy value of 6.8 MJ kg -1 . The unfertilised, uncropped NyPa Forage harvested from the farm was even poorer with CP of 3.8 %. and in vivo DMD of 48.6 % (6.3 MJ kg -1 ) The indigestible material was mostly fibre with ADF of 35%. These values are similar to those of most salt-tolerant annual and perennial grasses (Thompson et al., 2002; Bustan et al., 2005; Norman et al., 2012) . In comparison halophytic shrubs, such as saltbush, usually have similar low levels of digestibility but less fibre and greater levels of CP and salt (Norman et al. 2010) .
The nutritive value of NyPa Forage was significantly improved by fertilisation with aquaculture effluent and by regular cropping. In this study, the greatest nutritive values were obtained by fertilisation with effluent containing 10 mg L -1 N and 2 mg L -1 P, and with cropping every 42 days; with these treatments NyPa Forage had a mean CP content of 16.7 ± 0.7 %, a DMD of 67.6 ± 0.6 % and an energy value of 9.5 ± 0.1 MJ kg -1 . These values are equivalent to those contained by good quality conserved fodder, and assuming an equivalent voluntary food intake as grass hay, would be sufficient for maintenance of dry adult sheep or cattle, or moderate liveweight gain in growing animals (AFRC, 1993; Freer et al., 1997) . Previous studies with Distichlis spicata have also found that good quality forage can be obtained from the plant (Bustan et al., 2005; Al-Shopery et al., 2010) There are a number of caveats to this conclusion, however. First, recent studies have shown that standard laboratory (in vitro) techniques for measuring DMD often overestimate in vivo DMD of salt-tolerant plants (Norman et al., 2010) . While our preliminary in vivo digestibility trial indicated that in vitro DMD calculations were not upwardly biased, more extensive measurements of in vivo digestibility, using fertilised and cropped NyPa Forage from on-farm or pilot-scale wetlands, will provide a more accurate estimate of nutritive value.
Second, nutritive value is not equivalent to feeding value because it does not consider voluntary feed intake, which is a function of both accessibility and intake constraints of the plant to the animal. Variation in voluntary feed intake accounts for at least 50% of the variation that is observed in the feeding value of forages (Ulyatt 1973) . The in vivo feeding experiment demonstrated that voluntary feed intake (0.57 kg day -1 ) of unfertilised and uncropped NyPa forage was not high enough to allow the sheep to meet their nutritive requirements. This was unlikely to be due to high salt levels in the plant. The sodium concentration of NyPa Forage, irrigated with water with a salinity of 15,000 mg L -1 , was approximately 8 mg g -1 , towards the high end of the range found in most pasture plants, but well below levels often found in other halophytes (≥80 mg g -1 ) and known to depress intake and liveweight gain in grazing livestock (Masters et al. , 2007 . This relatively low sodium concentration reflects the fact that, unlike many other halophytes that tolerate saline conditions by accumulating salts in their tissues, NyPa Forage actively excretes salt through salt glands and may have higher feeding value than many other salt tolerant fodder plants (Flowers et al., 1986; Brizuela et al., 1990; Sergeant et al. 2006) .
From the data collected in this study, the most likely factor limiting feed intake was high indigestible fibre (ADF). Weston (1996) proposed that the voluntary feed intake of forages is regulated by the interplay between the rate of clearance of dry matter from the rumen and the amount of useful energy that is available to the animal, relative to the animal's capacity to use the energy. The resistance of forage organic matter to pass from the rumen (i.e. the indigestibility of fibre) therefore limits intake. Mixed stands of NyPa Forage and other salt-tolerant plants, such as saltbush (with some grain for energy) could provide a balanced diet and result in higher voluntary feed intake of livestock. This is because the intake constraints are likely to be different for these different feeds, with high fibre limiting intake of the grass (physical constraint) while high salt limits intake of the saltbush (chemical constraint).
Conclusions
NyPa Forage has many advantages as a plant species in constructed wetlands receiving aquaculture effluent that is high in both nutrients and salt levels. Our study showed that experimental subsurface-flow wetlands planted with NyPa Forage may remove more than 90% of nitrogen and phosphorus from effluent, and their efficacy is only moderately constrained by increasing salinity. Longer-term studies, in more realistic pilot-scale wetlands are now needed to confirm these results. Although unfertilised NyPa Forage had poor DMD, in vitro studies indicated that when irrigated with saline, nutrient-rich effluent and cropped on a regular basis, the plant produced feed with sufficient nutritive value for maintenance and moderate growth of livestock. Feeding value may also be improved if it is grown with salt-tolerant amaranths such as saltbush. This should now be tested with livestock feeding trials. 
